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ABSTRACT -.- 

I 

Payload performance of nuc lear  and chemical l una r  

s h u t t l e s  is  compared, including t h e  e f f e c t s  of earth-moon 

t r a n s f e r  tine, plane change maneuvers, one-way missions, two- 

s t a g e  s h u t t l e s ,  and aerobraked r e t u r n  t o  e a r t h  o r b i t .  It i s  

seen t h a t  f o r  l a r g e  payload requirements,  around 120,000 

pounds t o  lunar  o r b i t ,  the n u c l e a r  s h u t t l e  i s  l i g h t e r ,  even 

i f  the  chemical s h u t t l e  is staged or aerobraked. Higher 

v e l o c i t y  missions and higher payloads tend t o  f u r t h e r  i nc rease  

the advantage of the nuclear s h u t t l e .  However, lower payloads 

tend t o  favor  the chemical s h u t t l e ,  and for  payloads of 50,000 

pounds or less, chemical s h u t t l e s  wi th  high m a s s  f r a c t i o n s  can 

compete by using t h e  m o r e  complex mission p r o f i l e s .  Also, a 

s h u t t l e  s i zed  f o r  r e l a t i v e l y  s m a l l  payloads can d e l i v e r  

occas iona l  l a r g e  payloads by using a one-way mission. 
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I. INTRODUCTION 

The NASA In tegra ted  Plan of J u l y  1969 ind ica t ed  t h e  
need for  a reusable  nuc lear  s h u t t l e  (RNS) t o  ope ra t e  i n  cis- 
luna r  space, pr i inar i ly  betiisen law earhl o r b i t  and lunar  
o r b i t .  T h e  RNS was t o  be s ized  f o r  a payload c a p a b i l i t y  of 
120,000 pounds de l ive red  t o  lunar  o r b i t  w i t h  no payload re- 
turned,  For such payloads,  t h e  nuclear  s h u t t l e  could have 
s u b s t a n t i a l  performance advantages over a chemical s h u t t l e ,  
and consequently only the nuclear a i s l u n a r  s h u t t l e  has  been 
s tudied .  However, f o r  smaller payload requirements,  chemical 
s t a g e s  look r e l a t i v e l y  more a t t r a c t i v e  because the  p rope l l an t  
m a s s  f r a c t i o n  of the nuclear  s t a g e  decreases  s u b s t a n t i a l l y  as 
its s i z e  decreases.  Hence, a s  the  payload requirement i s  
lowered, there w i l l  be a poin t  where t h e  chemical s h u t t l e  
becomes competit ive.  I f  a s h u t t l e  is s i z e d  fo r  s m a l l  payloads, 
occas iona l  l a r g e  payloads can s t i l l  be de l ive red  either by a 
one-way mission ( r e fue l ing  the spent  s t a g e  i n  luna r  o r b i t  f o r  
r e t u r n )  o r  by s t ag ing  two o r  more s h u t t l e s ,  It seems advisable  
then ,  t o  s i z e  the s h u t t l e  fo r  t h e  m o r e  f r equen t ly  required pay- 
loads r a t h e r  than f o r  the maximum payload expected during the  
program. I n  t h i s  regard,  a payload capac i ty  s u b s t a n t i a l l y  
smaller than 100 ,000  pounds may prove t o  be d e s i r a b l e .  

Complex mission modes can inc rease  t h e  performance 
of chemical s h u t t l e s .  For example, the r a t i o  of payload t o  
g ross  weight can be increased by using s taged s h u t t l e s  or by 
r s i n g  aerobraking t o  dece le ra t e  t h e  s h u t t l e  i n t o  l o w  earth 
o r b i t  a t  t he  completion of t he  mission. These complex missions 
a r e  no t  s u i t a b l e  f o r  use w i t h  nuclear  s h u t t l e s  f o r  the following 
rezrms: In Order t o  d e l i v e r  t h e  same payload wi th  s taged 
s h u t t l e s ,  t he  s h u t t l e s  must be considerably smal le r ,  S m a l l  
nuc lear  s tages ,  however, have such poor m a s s  f r a c t i o n s  t ha t  the 
performance b e n e f i t s  of s taging a r e  almost e n t i r e l y  l o s t ,  I n  
addi t ion ,  aerobraking of nuclear s t a g e s  i s  considered t o  be  a 
high r i s k  maneuver due t o  the  r a d i o a c t i v i t y  hazard,  although no 
s tudy of the  hazards has been made, I t  i s  recognized, however, 
t h a t  t h e  f e a s i b i l i t y  of aerobraking even a chemical reusable  
s t a g e  may not  be wi th in  cur ren t  t echn ica l  s t a t e  of the  a r t .  
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The c a l c u l a t i o n s  presented i n  t h i s  memorandum show 
q u a n t i t a t i v e l y  t h e  e f f e c t  of the  above ope ra t iona l  modes on 
performance of l una r  s h u t t l e s .  The  e f f e c t  of plane change 
maneuvers during t h e  luna r  departure  phase of t h e  m i s s i o n  and 
the e f f e c t  of earth-moon t r a n s f e r  time are included. C a l -  
cu l a t ions  f o r  t w o  s t a g e  s h u t t l e s  assume i d e n t i c a l  s t ages ,  re- 
ga rd le s s  of t h e  r e s u l t i n g  i n t e r m e d i a t e  o r b i t .  

11. D I S C U S S I O N  

A l l  m i s s i o n s  considered ope ra t e  between a 260 nm 
c i r c u l a r  e a r t h  o r b i t  and a 43 nm c i r c u l a r  lunar  o r b i t .  I d e a l  
v e l o c i t i e s  f o r  e a r t h  departure  and a r r i v a l  w e r e  der ived f o r  
m e m  earth moon d i s t ance ,  but t \e v e l e c i t y  requircmexts fer 
lunar  maneuvers w e r e  taken f r o m  Reference 1, which assumes 
maximum earth-moon separat ion,  Reference 1 was also used t o  
ob ta in  t h e  v e l o c i t y  requirements f o r  p lane  change maneuvers 
during lunar  departure .  

The var ious  opera t iona l  modes inc lude  72 hour and 
108 hour earth-moon t r a n s f e r s ,  0' and 90' plane change maneu- 
ve r s ,  s i n g l e  and two-stage s h u t t l e s ,  aerobraked chemical 
s h u t t l e s ,  and one way t r i p s  for  l a r g e  payloads. T h e  O o  plane 
change missions l i m i t  t h e  s h u t t l e  r e t u r n  oppor tun i t i e s  t o  only 
t w o  per  month, whereas t h e  90° plane change c a p a b i l i t y  permits  
r e t u r n  t o  earth a t  any time. 
l i s h e d  using a 3-burn lunar  depar ture  w i t h  an in te rmedia te  
e l l i p t i c a 1 , o r b i t .  
mission with 72 hour t r a n s f e r s  each way, no p lane  changes, 
a s i n g l e  s t a g e  s h u t t l e ,  and propuls ive  braking a t  earth a r r i v a l -  
The a c t u a l  modes t h a t  w e r e  considered (combinations of the  above 
choices)  are given i n  Figure 1, which i s  a l s o  a legend f o r  the 
performance graphs present ing t h e  r e s u l t s  of this study. 

T h e  plane changes a r e  accomp- 

T h e  nominal mission i s  taken a s  a round t r i p  

Gravi ty  v e l o c i t y  lo s ses  w e r e  included only f o r  earth 
depa r tu re  maneuvers of t he  n u c l e a r  s h u t t l e .  A l l  o t h e r  vehi- 
cles and other maneuvers of t h e  RNS w e r e  assumed t o  be made 
w i t h  thrust-to-weight r a t i o s  high enough f o r  g r a v i t y  losses 
t o  be neg l ig ib l e .  

A .  Chemical 

Chemical veh ic l e s  w e r e  assumed t o  have p rope l l an t  
m a s s  f r a c t i o n s  between 0.87 and 0.91. Aerobraked s t ages  w e r e  
considered w i t h  m a s s  f r a c t i o n s  rag ing  from 0 . 9 1  t o  as l o w  as 
0.80.  An I s p  of 460 seconds w a s  used for  a l l  chemical pro- 
puls ion.  

B. Nuclear 

T h e  i n e r t  weights of the b a s e l i n e  nuclear  stages w e r e  
ca l cu la t ed  from t h e  sca l ing  l a w :  Winert = 36,775 + 0,1846 Wprop. 
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This r e l a t i o n s h i p  w a s  derived from Lockheed's weight break- 
down f o r  t h e i r  base l ine  modular RNS (Reference 2)  using 
t h i s  a u t h o r ' s  estimates of t he  weight s c a l i n g  of each sub- 
system. The weights of a man-rated r a d i a t i o n  s h i e l d ,  
p rope l l an t  r e s idua l s ,  and avionics  w e r e  added t o  Lockheed's 
weights where necessary. O p t i m i s t i c  nuclear  i n e r t  weights 
w e r e  der ived by reducing t h e  b a s e l i n e  nuclear  weight by 1 0 % .  

Aftercool ing of t he  Nerva engine was taken i n t o  
account by reducing t h e  I s p  used i n  t h e  ca l cu la t ions .  A real 
I s p  of 825 seconds was assumed, and this value w a s  reduced t o  
805 seconds using d a t a  i n  Reference 3 ,  i n  which an Isp  of 480 
seconds for  a f t e rcoo l ing  p rope l l an t  i s  ind ica ted .  For one 
t y p i c a l  mission analyzed i n  Reference 3, 42% of a l l  the after-  
cool ing p rope l l an t  i s  used a f t e r  earth depa r tu re ,  and 5.7% 
of a l l  p rope l l an t  i s  used fo r  a f t e rcoo l ing .  S ince  AV added 
when the  veh ic l e  i s  away from pe r igee  i s  r e l a t i v e l y  less use- 
f u l ,  2/3 of the  e a r t h  depar ture  a f t e rcoo l ing  w a s  discarded.  
Aftercool ing following other  burns was assumed t o  be use fu l ,  
w i th  an I s p  of 480 seconds. The mission analyzed i n  Re-  
f e r ence  3 and used here f o r  c a l c u l a t i n g  the e f f e c t i v e  I s p  i s  
an 8 burn mission involving plane changes during both lunar  
a r r i v a l  and lunar  departure .  

Regardless of the s i z e  of t h e  nuclear  s h u t t l e  and 
whether s taged veh ic l e s  a r e  used, only one Nerva I engine 
(75,000 l b s  t h r u s t )  is  operated a t  any t i m e .  

111. RESULTS 

1. 

Performance comparisons are presented i n  t w o  formats: 

Gross weights are shown as a func t ion  of A 
( for  chemical s t ages )  for a f ixed  payload 
c a p a b i l i t y  f o r  each of the seve ra l  ope ra t iona l  
modes. Three d i f f e r e n t  payload mixes are con- 
s idered:  1 2 0 , 0 0 0  l b s  t o  luna r  o r b i t  w i th  
20 ,000  l b s  returned; 50,000 lbs t o  lunar  o r b i t  
w i t h  20 ,000  lbs returned; and 20 ,000  lbs de- 
l i v e r e d  each way. 

2.  For a f ixed  gross  weight, e a r t h  t o  moon pay- 
loads a r e  shown as a func t ion  of X ( f o r  chem- 
i ca l  s t ages )  f o r  each of t h e  ope ra t iona l  modes. 
T h e  r e t u r n  payload is f ixed  a t  either 20 ,000 
l b s  o r  zero. Three d i f f e r e n t  g ross  weights 
are used, corresponding t o  the gross  weights 
of nuclear  s t ages  f o r  de l ive r ing  each of t h e  
three payload mixes noted above. 

The performance of the s h u t t l e s  i s  shown i n  Figures  
2-12. T h e  let ter l abe l ing  each curve r e f e r  t o  t h e  legend i n  
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Figure 1, which descr ibes  the t r a j e c t o r y  a s soc ia t ed  with each 
curve. The letters of t h e  legend r e f e r  t o  both chemical and 
nuclear  s h u t t l e s .  Nuclear performance i s  n o t  shown as a 
func t ion  of X because X is dependent upon gross  weight. 
I n s t e a d ,  t w o  s ca l ing  l a w s  a re  used ,deno ted  as base l ine  and 
o t i m i s t i c ,  which are derived for  man-rated vehzcles and are 

s h u t t l e s  a r e  shown as t i c k  marks on t h e  l e f t  s i d e  of t h e  
graphs,  l abe led  w i t h  letters t h a t  denote t h e  trajectories. 

3- i s t e d  i n  Figure 1. The payloads or  gross  weights of nuc lear  

F igures  2 through 12 show t h a t  f o r  l a r g e  payloads 
( 1 2 0 , 0 0 0  pounds out  and 20,000 pounds back) t h e  nuclear  s h u t t l e  
i s  supe r io r  t o  the chemical s h u t t l e ,  even if the chemical 
veh ic l e  i s  s taged or uses aerobraklng for t h e  earth o r b i t  in-  
s e r t i o n  maneuver. For s m a l l  payloads (20,000 l b s  each way), 
t h e  chemical s h u t t l e  w i t h  a high m a s s  f r a c t i o n  i s  supe r io r  
for  t h e  lower ve loc i ty  missions and f o r  a l l  missions if the 
chemical s h u t t l e  i s  s taged or aerobraked. However, the s i n g l e  
s t a g e  chemical s h u t t l e  performance i s  highly s e n s i t i v e  t o  m a s s  
f r a c t i o n  and mission ve loc i ty  requirements. 

I n  comparing t h e  nuclear and chemical s h u t t l e  per- 
formance, it may not  be s u f f i c i e n t  t o  consider  only which 
veh ic l e  d e l i v e r s  t h e  m o s t  payload. Since d i f f e r e n t  develop- 
ment programs and d i f f e r e n t  ope ra t iona l  procedures are involved, 
any dec i s ion  based on r e l a t i v e  performance c a p a b i l i t i e s  must 
also consider  t h e  magnitude of t h e  improvement o f f e red  by t h e  
supe r io r  system. The performance c a l c u l a t i o n s  repor ted  here 
show t h a t  a chemical s h u t t l e  using t w o  s t a g e  opera t ion  o r  
aerobraking may be capable of roughly the same performance 
as a nuclear  s tage ,  espec ia l ly  for payloads of less than  
50 ,000  pounds. Consequently, t he  dec is ion  between nuclear  
and chemical c i s l u n a r  s h u t t l e s  should inc lude  cons idera t ion  
of payload requirements, expected t r a f f i c ,  ope ra t iona l  com- 
p l e x i t y  and hazards, and development c o s t s ,  as w e l l  as t h e  
r e l a t i v e  payload performance of the two s h u t t l e s .  

/ /  

1013-DJO-ab D.  J .dsias 

A t  tachmen t 
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FIGURE 1 

LEGEND FOR GRAPHS OF SHUTTLE PERFORMANCE 
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72-hour t r a n s f e r s ,  no plane change (base l ine  case). 

72-hour t r a n s f e r s ,  p lus  90°  plane change using 24-hour 

e l l i p s e  on r e t u r n  only. 

60-hour t r a n s f e r  p l u s  90°  plane change us ing  12-hour 

e l l i p s e  on r e t u r n  (72-hour t r a n s f e r  outbound). 

108-hour t r a n s f e r s  (both ways) with no p lane  change. 

Two-stage s h u t t l e ,  72-hour t r a n s f e r s ,  no p lane  change. 

Two-stage s h u t t l e ,  60-hour t r a n s f e r  p lus  12-hour, 90" 

plane  change on r e t u r n  (72-hour t r a n s f e r  outbound). 

Payload f o r  t w o  s h u t t l e s ,  each wi th  g ross  weight of Wg, 

72-hour t r a n s f e r s ,  no plane change. 

One way payload (outbound), 108-hour t r a n s f e r .  

Payload with aerobraking a t  E O I ,  72-hour t r a n s f e r s ,  

no plane change. 

Payload wi th  aerobraking a t  E O I ,  60-hour t r a n s f e r  p l u s  

1 2  h r ,  B O o  plane change on r e t u r n  (72-hour t r a n s f e r  

outbound). 

Base l ine  Nuclear: 

Op t imis t i c  Nuclear: 

Winert = 36,775 + 0.1846 Wpropellant 

Winert = 90% of Basel ine i n e r t  weight 
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